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Motor	Current	Signature	Analysis	of	a	Variable	Speed	Drive	
for	Motor	Fault	Diagnosis	
Ahmed	ALWODAI,	Fengshou	GU,	Andrew	BALL	
University	of	Huddersfield,	Queensgate,	Huddersfield	HD1	3DH,	UK		
ABSTRACT	The	induction	motor	is	one	of	the	most	used	electric	machines	in	the	industry	because	of	its	strong	and	simplicity.	This	paper	investigates	the	performance	of	conventional	techniques	such	as	sideband	analysis	in	detecting	broken	 rotor	bars	when	 the	motor	 is	 fed	 from	a	 common	pulse	width	modulation	voltage	source	inverter	PWM‐VS)	drive	for	variable	speed	drives.	The	phase	current	signals	are	obtained	under	both	the	slip	compensation	mode	and	non‐compensation	mode.	The	spectra	are	compared	between	the	healthy	 and	 faulty	motors	 in	 the	 frequency	domain.	 For	 the	non‐slip	 compensation,	 it	 has	 shown	clear	sidebands	of	the	twice	slip	frequency	which	allows	the	detection	of	the	broken	bar	and	hence	rotor	faults	under	different	speeds	and	higher	loads.	(owever,	for	slip	compensation,	the	sideband	pattern	does	not	exist	anymore	and	hence	new	features	have	to	be	 investigated	for	 fault	detection	when	motors	operate	under	these	operating	modes.	
	Keywords:	Induction	motor,	voltage	source	inverter,	motor	current	signature	analysis	(MCSA).	
1.	 INTRODUCTION	The	 three‐phase	 induction	motor	 is	 the	most	 commonly	 used	 type	 of	motor	 in	 industrial	 applications	because	of	its	low	maintenance	needs	and	reliability.	There	are	many	types	of	induction	motor	designated	according	 to	 their	 physical	 configuration,	 for	 example,	 squirrel‐cage	 designs	 and	 wound	 rotor	 types.	Squirrel‐cage	motors	are	most	commonly	used	because	of	their	simplicity.		There	 are	 several	 common	 modes	 of	 failure	 for	 an	 induction	 motor.	 As	 shown	 in	 Figure	 ͳ,	 the	 most	common	 faults	 of	 induction	motors	 can	 generally	 be	 classified	 as	 electrical	 and	mechanical	 faults.	 The	electrical	faults	can	be	either	stator	or	rotor	faults.	
	F)GURE	ͳ.	)nduction	machine	faults	Stator	 faults	 include	 insulation	 break‐down	 caused	 by	mechanical	 vibration,	 heat,	 age,	 damage	 during	installation,	 etc.	 Rotor	 bar	 faults	 can	 occur	 because	 of	 the	 different	 stresses	 that	 work	 on	 the	 rotor.	Failures	 of	 induction	 motors	 cost	 time	 and	 money,	 making	 the	 use	 of	 an	 appropriate	 fault	 detection	system,	an	attractive	proposition.	To	achieve	variable	speed,	an	induction	motor	is	supplied	by	an	inverter	based	on	)GBT	ȋ)nsulated	Gate	Bipolar	TransistorȌ	technology,	which	is	fed	by	pulse	width	modulation	from	a	voltage	source	inverter	ȋPWM‐VS)Ȍ.	PWM‐VS)	induction	motors	are	usually	more	reliable	than	those	operated	directly	online	ȋOumaamar	et	al.,	ʹͲͲ͸Ȍ.	
Variable	frequency	drives	with	slip	compensation	produce	reasonable	accuracy	in	speed	senseless	control	down	to	ͳͲͲ	rpm	and	are	sufficient	for	low	dynamics	applications	ȋReljic	et	al.,	ʹͲͲ͸Ȍ.	Slip	compensation	is	used	in	AC	drives	to	reduce	the	effect	of	motor	slip.	This	paper	presents	the	phase	current	signals	of	a	healthy	motor	and	one	with	a	broken	rotor	bar,	both	with	and	without	slip	compensation.	Motor	current	signature	analysis	is	the	fault	detection	technique	which	will	be	used.		
2.	 AC	VARIABLE	FREQUENCY	DRIVES	Variable	 frequency	 Voltage	 Source	 )nverters	 ȋVS)'sȌ	 are	 widely	 used	 to	 control	 the	 speed	 of	 ͵‐phase	squirrel	cage	induction	motors	and	they	do	this	by	varying	the	stator	frequency.		Variable	frequency	drives	are	used	for	two	main	reasons:		 To	 improve	 the	 efficiency	 of	 motor‐driven	 equipment	 by	 matching	 speed	 to	 changing	 load	requirements.	 To	allow	accurate	and	continuous	process	control	over	a	wide	range	of	speeds.		
2.1	 Structure	of	Variable	Frequency	Drives	The	AC	variable	frequency	drive	consists	of	three	main	components	as	shown	in	Figure	ʹ.	
 F)GURE	ʹ.	Principle	of	Variable	Frequency	Drive	 Rectifier:	The	rectifier	is	connected	to	the	supply	network	and	generates	a	DC	voltage	supply	which	feeds	the	main	DC	link	elements.	The	mains	rectifier	consists	of	a	bridge	circuit	which	converts	the	supply	network	from	AC	to	DC.	The	DC	voltage	resulting	from	this	always	corresponds	to	the	peak	value	of	the	connected	mains	voltage.	Where				 ௣ܸ௘௔௞ ൌ √ʹ		 ௥ܸ௠௦          (1) Rectifiers	can	use	diodes,	silicon	controlled	rectifiers	ȋSCRȌ,	or	transistors	to	rectify	power.	Diodes	are	the	simplest	device	and	allow	power	to	flow	any	time	when	the	voltage	of	the	proper	polarity	is	present.	 DC	Bus:	After	the	power	flows	through	the	rectifiers	 it	 is	stored	on	a	DC	bus.	The	DC	bus	contains	capacitors	to	accept	power	from	the	rectifier,	store	it,	and	later	deliver	that	power	through	the	inverter	section.	The	DC	bus	may	also	contain	inductors,	DC	links,	chokes,	or	similar	items	that	add	inductance,	thus	smoothing	the	incoming	power	supply	to	the	DC	bus.		
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 Inverter	The	 last	 part	 of	 the	 VFD	 is	 an	 inverter.	 The	 inverter	 contains	 transistors	 that	 distribute	 power	 to	 the	motor.	The	)nsulated	Gate	Bipolar	Transistor	ȋ)GBTȌ	is	a	common	option	in	modern	VFDs.	The	)GBT	can	switch	on	and	off	several	thousand	times	per	second	and	accurately	control	the	power	sent	to	the	motor.	The	 )GBT	uses	a	method	named	pulse	width	modulation	 ȋPWMȌ	 to	provide	a	 current	 sine	wave	of	 the	desired	frequency	to	the	motor.	
2.2	 Operating	Modes	of	VFD	A	VFD	system	can	operate	under	three	basic	modes:	open‐loop,	slip	compensation	and	closed‐loop.	Under	both	the	slip	compensation	and	closed‐loop	modes,	 the	motor	can	run	at	 the	required	speed	accurately	whereas	under	the	open‐loop,	the	speed	of	the	motor	reduces	as	load	increases	due	to	the	slip	effect	of	induction	machines.	The	slip	is	usually	about	Ͳ.Ͳ͵	at	rated	frequency,	resulting	in	an	effect	which	can	be	neglected	in	many	applications	ȋMunoz‐Garcıa	et	al.,	ͳͻͻͺȌ.	For	variable‐frequency	operation,	however,	the	slip	for	constant	torque	varies	inversely	proportional	to	the	frequency.	When	the	frequency	decreases,	the	slip	becomes	significantly	large	and	it	can	no	longer	be	ignored.	At	very	low	frequencies	this	effect	becomes	so	important	that	if	not	sufficiently	compensated	for	the	motor	will	not	be	capable	to	provide	the	load	torque	and	will	stop.	
F)GURE	͵.	Slip	Frequency	Compensation	Figure	͵	shows	a	function	that	needs	the	motor	to	provide	full	torque	at	ͳͷͲͲ	RPM.	The	top	part	of	the	figure	 illustrates	what	occurs	without	slip	compensation.	The	applied	frequency	 is	ͷͲ(z,	but	the	motor	actual	shaft	RPM,	due	to	slip,	has	a	value	of	ͳͶͷͷ.		The	 bottom	 part	 of	 Figure	 ͵	 illustrates	 how	 slip	 compensation	 automatically	 compensates	 for	 this	condition	 by	 applying	 ͳ.ͷ(z	 of	 additional	 output	 frequency	 to	 the	 existing	 output	 frequency	 of	 ͷͲ(z,	resulting	in	a	new	output	frequency	of	ͷͳ.ͷ(z.	The	motor	shaft	still	slips	back,	but	now	the	actual	shaft	speed	is	the	desired	ͳͷͲͲrpm.		
2.3	 Benefits	of	Variable	Frequency	Drives	According	to	ȋCarrier,	ʹͲͲͷȌ	variable	frequency	drives	offer	the	following	benefits:	 simple	installation	 low	motor	starting	current	 high	power	factor	 energy	savings	 lower	kVA	 reduction	of	thermal	and	mechanical	stresses	on	the	motor	during	starts	
3.	 MOTOR	CURRENT	SIGNATURE	ANALYSIS		Motor	current	signature	analysis	ȋMCSAȌ	is	an	increasingly	commonly	used	fault	detection	method.	This	technique	 depends	 upon	 locating	 ȋby	 spectrum	 analysisȌ	 specific	 harmonic	 components	 in	 the	 line	
current	 produced	 by	 rotating	 flux	 components	 caused	 by	 faults,	 for	 instance,	 broken	 rotor	 bars	 and	shorted	 turns	 in	 stator	 windings	 ȋVerucchi	 et	 al.,ʹͲͲͺ;	 Thomson,ʹͲͲͳȌ	 .	 As	 a	 result,	 this	 method	 can	detect	these	faults	at	an	early	stage	and	consequently	avoid	complete	failure	of	the	motor.	)n	addition,	it	does	not	need	the	installation	of	a	measurement	system	and	it	can	be	used	online.	The	 operation	 of	 a	 three	 phase	 induction	 motor	 is	 based	 on	 Faraday’s	 law.	 When	 AC	 current	 passes	through	stator	windings	which	are	displaced	by	an	electrical	phase	difference	of	ͳʹͲ˚,	a	magnetic	field	is	created	with	a	rational	speed	known	as	the	synchronous	speed	which	is	given	by	this	formula:	
௦ܰ ൌ ଵଶ଴௙ೞ௣ 	 	 	 	 	 	 	 	 	 	 	 ȋʹȌ	Where	௦ܰ=synchronous	speed	in	rpm	௦݂=	supply	frequency		݌=number	of	poles	per	phase		The	rotor	of	the	induction	motor	always	rotates	at	a	speed	ȋNrȌ	which	is	less	than	the	synchronous	speed, and	 the	 difference	 between	 synchronous	 speed	 and	 rotor	 speed	 is	 called	 slip	 speed	 ȋN),	which	 can	 be	expressed	as	follows.		ܰ ൌ ௦ܰ െ ௥ܰ		 	 	 	 	 	 	 	 	 	 	 ሺ͵ሻ	The	slip	can	be	expressed	in	per	unit	terms	by	the	flowing	formula:		ݏ ൌ ேೞିேೝேೞ 		 	 	 	 	 	 	 	 	 	 	 ȋͶȌ	The	rotor	speed	never	reaches	the	synchronous	speed,	actually	if	the	rotor	did	turn	at	the	same	rate	as	the	synchronous	speed	the	flux	will	not	cut	the	rotor	bars	and	the	induced	voltage	and	resulting	current	will	 be	 zero.	 Under	 the	 normal	 operation	 condition	 the	 slip	 is	 between	 ͵%	 and	 ͳͲ%	 at	 full	 load	 for	squirrel	cage	induction	motors	ȋFitzgerald	et	al.,	ͳͻͺ͸Ȍ.	With	broken	rotor	bars	 in	 the	motor	there	 is	an	additional	backward	rotating	magnetic	 field	produced,	which	is	rotating	at	the	slip	speed	with	respect	to	the	rotor.	This	rotating	magnetic	field	can	be	given	by	௕ܰ ൌ ௥ܰ െܰ ൌ ௦ܰሺͳ െ ݏሻ െ ݏ	 ௦ܰ ൌ ௦ܰሺͳ െ ʹݏሻ        ȋͷȌ	Equation	ȋͷȌ	can	be	rewritten	in	terms	of	frequency:	௕݂ ൌ ௦݂ሺͳ െ ʹݏሻ	 	 	 	 	 	 	 	 	 	 	 ȋ͸Ȍ	This	means	that	the	frequency	fb	is	a	twice	slip	frequency	component	spaced	2sfs	down	from	fs.	.	This	lower	sideband	is	due	to	broken	rotor	bar,	while	there	is	an	upper	sideband	at	2sfs	above	fs	which	is	induced	by	the	oscillations	of	torque	and	speed	at	2sfs.	The	twice	slip	frequency	sidebands	that	occur	around	the	supply	frequency	can	be	given	by	௕݂ ൌ ௦݂ሺͳ േ ʹݏሻ		 	 	 	 	 	 	 	 	 	 	 ȋ͹Ȍ	According	to	several	researchers,	broken	bars	actually	give	rise	to	a	sequence	of	such	sidebands	given	by	ȋLoránd	et	al.,	ʹͲͲͶȌ:	௕݂ ൌ ௦݂ሺͳ േ ʹ݇ݏሻ		 	 	 	 	 	 	 	 	 	 ȋͺȌ	Where:	k=ͳ,	ʹ,	͵,...	The	rotor	fault	of	an	induction	motor	can	be	clearly	indicated	by	appearance	in	the	spectrum	of	sidebands	given	by	Equation	ȋͺȌ.	
4.	 EXPERIMENTAL	SET	UP	Figure	Ͷ	shows	a	schematic	of	the	test	rig	which	was	used	in	the	experiment.	The	test	rig	consists	of	four	sub‐systems,	namely,	the	driving	motor,	the	load,	the	measuring	devices	and	the	data	acquisition	system.	
	F)GURE	Ͷ.	Schematic	of	the	experimental	setup	The	driving	motor	is	a	ͶkW	three‐phase	Ͷ‐pole	induction	motor.	The	rotor	is	a	die‐cast	aluminum	squirrel	cage	with	ʹͺ	skewed	bars.	These	bars	are	of	a	deep	design	to	provide	a	high	starting	torque	from	a	low	starting	current	ȋ(ughes,	ʹͲͲͳȌ.		The	 induction	 motor	 is	 directly	 coupled	 with	 a	 loading	 DC	 generator.	 The	 field	 of	 the	 generator	 is	connected	 to	DC	 source	by	wires	Fͳ	 and	Fʹ	while	output	power	 is	 transmitted	by	wires	Aͳ	 and	Aʹ	 ȋsee	Figure	ͶȌ.The	generator	was	supported	by	outer	casing	bearings	so	that	the	torque	applied	to	the	stator	can	 be	measured.	 	 The	 generated	 power	was	 fed	 back	 to	 the	mains	 electrical	 grid	 and	 the	 load	 in	 the	induction	motor	can	be	adjusted	by	changing	the	field	resistance	of	the	DC	generator.	The	operating	load	can	be	varied	 from	no	 load	 to	 full	 load	via	 the	control	panel.	The	power	supply	measurement	box	was	designed	 to	 measure	 motor	 voltages,	 currents	 and	 power,	 using	 (all	 Effect	 voltage	 and	 current	transducers	and	a	universal	power	cell.	During	the	experimental	work	all	the	collected	data	was	acquired	using	a	GST	YE͸ʹ͵ʹB	data	acquisition	system.	 This	 system	 has	 ͳ͸	 channels,	 each	 channel	 with	 a	 ʹͶ	 bit	 analogue‐digital	 converter	 with	 a	maximum	sampling	frequency	of	ͻ͸	k(z.	The	tested	three‐phase	squirrel	cage	induction	motor	has	the	following	data:	ͷ.ͷ	(P	ȋͶ	kWȌ,	ʹ͵Ͳ/ͶͲͲ	V	ȋΔ/YȌ,	ͳͷ.ͻ/ͻ.ʹ	A	ȋΔ/YȌ	and	ͳͶʹͲ	rpm.	Tests	were	carried	out	for	four	different	loads	with	the	healthy	motor,	and	with	a	similar	motor	having	a	full	broken	rotor	bar.	The	rotor	fault	was	simulated	by	interrupting	the	rotor	bar	by	drilling	into	the	rotor	as	can	be	seen	in	Figure	ͷ.	
	F)GURE	ͷ.	Squirrel	cage	rotor	with	full	broken	bar	The	measured	phase	 current	 signal	was	analysed	by	using	 the	Fast	Fourier	Transformation	 ȋFFTȌ.	The	results	obtained	for	the	healthy	motor	and	broken	rotor	bar	motor	were	compared,	particularly	looking	for	sideband	components	having	the	frequencies	given	by	equation	ȋͺȌ.	
5.	 EXPERIMENTAL	RESULTS		
5.1	 Detection	under	non‐slip	compensation		As	can	be	seen	from	figures	͸,	͹,	ͺ	and	ͻ,	 the	detection	of	 the	slip	frequency	sidebands	at	no‐load	ȋand	also	at	low	loadsȌ	is	too	difficult,	since	the	current	in	the	rotor	bars	is	small.	The	most	revealing	results	were	obtained	at	high	loads,	especially	near	to	the	rated	load.	Figure	 ͸	 shows	phase	 current	 spectra	 under	 four	 different	 load	 conditions	 at	 ͷͲ%	 speed.	 The	 applied	frequency	is	ʹͷ	(z	ȋsynchronous	speed=͹ͷͲ	rpmȌ.	As	the	load	increases	the	motor	speed	decreases,	with	motor	speeds	under	healthy	motor	conditions	of	͹Ͷͻ,	͹͵ͻ,	͹ʹ͹and	͹ͳͶrpm.	At	zero,	ʹͷ%,	ͷͲ%	and	͹ͷ%	load,	respectively.	Figures	͸,	͹	and	ͺ	illustrate	phase	current	spectra	under	different	loads	and	at	speeds	of	ͷͲ%,	͹ͷ%,	and	ͳͲͲ%	rated	speed.	As	can	be	seen	from	the	figures,	as	the	frequency	decreases,	the	slip	becomes	larger.	With	the	motor	speed	at	ͷͲ%	ȋapplied	frequency	ʹͷ.ͳ	(zȌ	and	the	motor	operated	at	͹ͷ%	load,	the	slip	was	Ͳ.ͲͶͺ,	however	the	slip	was	Ͳ.ͲͶͳ	under	͹ͷ%	load	and	at	͹ͷ%	speed.	
5.2	 Detection	under	slip	compensation	The	 slip	 compensation	 technique	 of	 speed	 control	 does	 not	 monitor	 the	 actual	 shaft	 speed	 for	 speed	adjustment,	rather	it	uses	drive	output	current	transducers	to	monitor	the	current	drawn	by	the	motor	and	alters	the	main	frequency	so	that	the	motor	speed	can	maintain	desired	speed	as	steady	as	possible.	(owever,	because	of	inevitable	load	fluctuations	the	main	supply	frequency	realized	in	this	way	will	have	some	fluctuations	accordingly,	or	it	not	as	stable	as	that	without	slip	compensation.		Figure	ͻ	shows	phase	current	spectra	under	different	loads	at	ͳͲͲ%	rated	speed	with	slip	compensation	for	healthy	and	broken	rotor	bar	conditions.	The	computed	values	of	 lower	sideband	frequencies	under	broken	bar	conditions	were Ͷ͹.Ͷͳ,	Ͷ͹,	Ͷ͸.͵ͺ	and	Ͷͷ.͹͵	(z,	while	the	upper	sideband	frequencies	were	ͷͳ.͹ͺͻͷ,	ͷ͵.ʹͲ,	ͷͷ.Ͳʹ,	and	ͷ͸.͸͹	(z,	under	zero,	ʹͷ%,	ͷͲ%	and	͹ͷ%	rated	load,	respectively.	)t	 is	clear	 from	the	 figure	 that	 the	speeds	are	near	consistent	at	different	 loads.	For	example	the	motor	shaft	speeds	were	ͳͶͷͷ	rpm	and	ͳͶͷͶ	rpm	at	zero	and	͹ͷ%	rated	load,	respectively.	These	results	show	the	advantage	of	a	variable	frequency	drive	with	slip	compensation.	On	 the	other	hand	 the	current	spectrum	cannot	show	sidebands	when	using	slip	compensation.	This	 is	because	of	the	harmonics	that	appear	in	current	spectrum.	To	avoid	this	problem	another	technique	has	to	be	investigated.	
	F)GURE	͸.	Phase	current	spectrum	at	ͷͲ%	speed	and	with	non‐slip	compensation	
 F)GURE	͹.	Phase	current	spectrum	at	͹ͷ%	speed	and	with	non‐slip	compensation	
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 F)GURE	ͺ.	Phase	current	spectrum	at	ͳͲͲ%	speed	and	with	non‐slip	compensation	
 F)GURE	ͻ.	Phase	current	spectrum	under	healthy	and	broken	bar	condition	with	slip	compensation	
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6.	 CONCLUSIONS	A	variable	frequency	drive	is	studied	under	both	slip	compensation	and	non‐slip	compensation	operating	modes	to	verify	spectrum	based	motor	fault	detection	techniques.	)n	particular,	the	twice	slip	frequency	sidebands	 are	 investigated	 for	 broken	 bar	 detection.	 Experimental	 results	 show	 that	 for	 non‐slip	compensation	operation	MCSA	retains	its	detection	and	diagnosis	capability	at	different	motor	speeds	but	only	for	operating	loads	above	ͷͲ%	because	the	recognition	of	the	slip	frequency	sidebands	is	not	easy	at	lower	loads.	For	 the	 slip	 compensation	 operation	 it	 is	 not	 clear	 that	 the	 spectra	 under	 different	 loads	 have	 the	sideband	pattern,	meaning	that	traditional	MCSA	techniques	are	not	suitable	for	detecting	the	broken	bar	faults	in	these	circumstances	and	hence	new	approaches	have	to	be	investigated.			
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